In this article, the potential of a thermophoretic sampling device to derive quantitative particle size distributions and number concentrations of aerosols based on microscopic single particle analysis is explored. For that purpose a plate-to-plate thermophoretic precipitator to collect ultrafine atmospheric particles for TEM (transmission electron microscopy) analysis has been calibrated and characterized. The representativeness of the samples has been verified in a series of experiments. Results show that, for particles with diameters of 15 nm to 300 nm, the precipitator's collection efficiency is independent of size, shape, and composition of the particles. Hence, its samples accurately represent the original aerosol.
INTRODUCTION
Ultrafine particles are one of the boon and bane of modern technology. On one hand, they play an important role in the development of nanotechnology; on the other hand, submicron particles originating from manufacturing and combustion processes significantly contribute to the pollution of the workplace and ambient atmosphere. Several studies address the possible adverse health effects of nano-sized particles (Li et al. 2003; Oberdorster et al. 2004; Seaton and Donaldson 2005) . However, the mechanisms responsible for these adverse effects are still poorly understood due to limited knowledge of the physical and chemical characteristics that are responsible for these effects, as Harrison and Yin (2000) point out highlighting the need for specialized sampling equipment.
Morphology, structure, and composition of ultrafine aerosol particles (diameter smaller than 100 nm) are frequently analyzed by means of transmission electron microscopy (TEM) (e.g., Mathis et al. 2004; Maynard et al. 2004; Chen et al. 2005; Ku and Maynard 2005) . For this purpose, particles need to be deposited on TEM support grids. Representative and artifact free sampling of ultrafine particles is, however, by no means trivial. Preferably, particles are deposited directly from the atmosphere onto the support film of TEM grids, which reduces the risk of potential artifacts related to sample preparation (Berube et al. 1999) .
The only viable deposition mechanisms for submicron particles are electrophoresis and thermophoresis, but only thermophoresis is virtually independent of particle size for particle diameters smaller than ∼150 nm (Brock 1962) . Electrophoresis can yield high sampling efficiencies, but the sampling substrates have to be electroconductive (Dixkens 1999) . For thermophoresis, no such limitations apply, allowing the use of virtually D ow nl oaded By:[ Bi bl i ot hèque cant onal e etuni versi t ai re -Fri bourg]At :13: 37 22 January 200 any substrates that, thus, can be chosen according to analytical requirements.
A number of designs of thermophoretic samplers have been described in the literature (e.g., Mercer 1973) . The two primary type are: (1) the hot-wire (e.g., Green and Watson 1935; Kasper 1982; Bang et al. 2003) , and (2) plate-to-plate (e.g., Maynard 1995; Tsai and Lu 1995; Gonzalez et al. 2005) design. Mercer (1973) points out that thermophoretic precipitation is prone to non-uniform particle deposition that depends on both size and deposition efficiency. However, Mercer focused mainly on coarse particles (>0.5 μm). For ultrafine particles size selectivity is expected to be rather small (Brock 1962) . The nonuniform deposition efficiency (for ultrafine particles), on the other hand, is mainly due to fluid dynamics and non-ideal temperature fields and, therefore, cannot be avoided completely. For the quantitative evaluation (e.g., particle size distribution, number concentration) of thermophoretically collected aerosol samples by electron microscopy, it is imperative to be able to model (numerically) this non-uniformity. To our knowledge, no attempts have been made to date to calibrate sampling devices for ultrafine particles, or to calculate deposition patterns of such particles on TEM grids.
In this study a combination of a thermophoretic precipitator and a numerical model is described that allows the quantification of number concentrations and particle size distributions of ultrafine aerosols based exclusively on single particle analysis with electron microscopes.
DESIGN
The most important element of a thermophoretic precipitator is the sampling channel (Figures 1 & 2a) . The width is 20 mm, and the length is 83 mm. The height can be adjusted using aluminum spacer sheets. For the present investigation, a channel height of 0.3 mm was chosen. The TEM grid is mounted in the middle of the floor of the sampling channel, using a weak cup magnet with 4 mm diameter which is flush with the channel base. To prevent the TEM grid from being lifted by the air flow, the magnet has a circular depression of 3.1 mm in diameter and of 0.1 mm in depth. To keep the TEM grid at a constant temperature, a Peltier element (thermoelectric cooler) (Rowe 2006 ) and a K-type thermocouple are incorporated into the grid holding stage directly below the magnet, as close to the TEM grid as possible. A heating element (4 mm in diameter) is placed in the middle, flush with the channel ceiling, and directly opposite to the sampling grid. To enable a stable temperature gradient the heating element is monitored with a K-type thermocouple and actively controlled.
Both the heating and the Peltier elements are built into cavities of the sampling device to minimize distortions of the temperature field. In order to produce a smooth channel, the cavities are covered by a thin circular aluminum sheet with a concentric hole of 4.1 mm in diameter. The tips of the heating and cooling elements are only 4 mm in diameter and fit into the holes of the cover sheets to level up with the channel.
Since the sampling device is designed to collect environmental particles, the temperature of the Peltier grid holding stage is set to a standard temperature of 15
• C to reduce the risk of condensation. To protect sensitive particles from damage, the standard temperature of the heating element is set to 135
• C, resulting in a temperature gradient of 4 × 10 5 K m −1 . To keep particle losses due to diffusion in the sampling lines up to the precipitator low, high flow speeds are required. To add flexibility to the sampling parameters, separate regulation of the flow rate inside the lines up to the precipitator and the sampling channel is an advantage. Accordingly, after the sampling line enters the device, it provides two flow paths (Figures 1, 2b) . Instead of forking the sampling line, the flow is led into a small chamber from which two exits exist. One leads to the sampling channel (having the same cross section) and the other is a bypass that goes directly to the pump. For standard operations, the flow rate in both the lines preceding the precipitator and in the sampling channel is set to 2 l/min. For aerosols with known size distributions or for measurements where information on the particle size distribution is of minor concern, the flow rate through the sampling channel can be reduced. Smaller flow rates do increase the sampling efficiency but at the cost of higher and size dependent losses. While the temperature gradient is being established, the flow through the sampling channel is stopped. Once the temperatures of the cooling and heating elements are stable, the sample flow is gradually diverted to the sampling channel according to the set flow speeds (keeping the total flow constant at 2 l/min).
The flexible structure of the sampling device presented in this study allows a variety of experimental setups. The sampler is controlled by a LabView program that regulates and logs both the sample flow through the device and the temperature gradient, while still allowing manual corrections. The parameters are kept within 3% of the initially set points, even for long sampling runs (verified up to one week sampling time). Maynard (1995) used a thermophoretic precipitator to collect ultrafine particles, and observed a non-uniform particle deposition pattern on the TEM grids. To derive particle number concentrations from such samples, a quantitative understanding of the deposition pattern of the particles on the grids is required. To satisfy this need, a model was developed to describe particle deposition on TEM grids. Because of the low Reynolds number of the present apparatus (Re = 220), the flow is expected to be laminar and incompressible (flow velocity in the channel at 2 l/min and standard temperature and pressure: <10 m/s, Mach number <0.03). Therefore, a parabolic flow profile ( Figure 3a ) can be assumed. To simplify the model a linear temperature gradient limited to the space between the cooling and heating elements are assumed, resulting in cylindrical boundary conditions for the effective temperature field. The model calculates the trajectories of particles within the sample channel above the Peltier stage, and records their deposition positions. Diffusional losses between the leading and the trailing edges of the cooling and heating elements (<0.01%) are neglected. The particles are released in a rectangular area perpendicular to the flow path (Figure 3b ). The starting coordinates for particles in the model are generated by a random function to produce a uniform distribution across the starting area. To account for the parabolic flow velocity profile that produces a non-uniform particle flow within the sample channel, each particle is weighted by a scaling factor scf (Equation sets the starting parameters of the model particle in relation to the average flow speed and the channel height and is, therefore, a measure for the non-uniform particle flux through the sampling channel due to the flow profile. The scf is a function of the initial height of the particle above the bottom of the sampling channel z 0 , its initial velocity v(z 0 )-according to Equation (2)-the total flow through the sampling channel Q (2000 cm 3 min −1 ), the width w c (2 cm), and the total height h c (0.03 cm) of the channel.
NUMERICAL MODELING OF THE DEPOSITION PROPERTIES
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The particle velocity v(z) parallel to the sample flow, at any given point, is calculated according to Equation (2) (Panton 2005) .
The maximum velocity in the sampling channel (v c ) is calculated by solving the integral from 0 to h c of Equation (2) for v c , which results in Equation (3).
The vertical velocity of the particles is initially set to zero. Once they enter the temperature field it is set to the thermophoretic deposition velocity v t , which is calculated according to Equation (4) (Talbot 1980) with the thermal conductivity of the carrier gas K (for air: 0.024), its pressure p, and the temperature gradient ∇T .
Since the thermophoretic migration velocity (1 cm s −1 at a gradient of 4 × 10 5 K m −1 ) is rather small compared to the flow velocity, only particles from a limited height (referred to as sampling height in the following) are collected (Figure 3a) . The resulting aerosol sample is still representative, because the flow inside the sampling channel is completely laminar and, therefore, particles are homogeneously distributed throughout the channel. Nevertheless, the sampling times required to obtain adequate coverage of the TEM grids are affected by the sampling height. Lower flow velocities and higher temperature gradients increase the sampling height, but at the cost of increased (and size selective) diffusion losses and the risk of damaging temperature sensitive particles. Moreover, for the device described, larger temperature gradients proved to be less stable (i.e., temperatures variations at the heating and cooling elements of more than 3%).
The results of the model calculations shown in Figure 4 , indicate that, on the trailing edge of the TEM grids, more particles are deposited than on the leading edge (for conditions where the height of the "collected layer" is less than, or equal to half the channel height). This is a consequence of the parabolic flow profile that produces an increasing particle flux towards the middle of the sampling channel. Because the thermophoretic migration velocity is constant, particles deposited at the trailing edge of the grid originate from higher above the base of the sampling channel and, therefore, from a region with higher particle flux than particles deposited at the leading edge. However, on the central section of the grid, which is used for TEM analysis, particle deposition is rather constant (±10%). Accordingly, the variation in particle deposition efficiency across the central section gives an error margin for the results gained from the samples. Concerning diffusion losses up to the grid, for particle diameters >15 nm losses are <1% and are well covered by said error margin of ±10%.
According to the model, the following sampling times are required in order to get a sample suitable for TEM analysis (0.5% coverage of the grid at 2 l min −1 and 4 × 10 5 K m −1 ): 10 minutes at a heavily polluted working environment (5 × 10 5 particles per cm 3 ), 90 minutes at an urban background site (5 × 10 4 particles per cm 3 ), and 1 day at a clean background site (3·10 3 particles per cm 3 ). Therefore, the time resolution of the precipitator depends on the particle concentrations.
EXPERIMENTS AND RESULTS
To derive quantitative particle number concentrations and particle size distributions from the measurements of particles deposited on a TEM grid, the particle deposition on the grid must to be homogeneous and independent of particle size, shape, or composition. If that is not the case, calibration needs to account for the inhomogeneous deposition patterns.
According to the theory, thermophoretic migration velocities are independent of particle composition and shape. This is strictly applicable for particles in the free molecular regime and, as an approximation, up to a few 100 nm (Brock 1962) .
A series of experiments with polydisperse and monodisperse Ag aerosols were conducted to test the theoretical predictions, and to experimentally determine the sampling characteristics of the thermophoretic sampling device. The experimental systems are described in Figure 5 (a more detailed description of an essentially identical setup is given (e.g., by Ku and Maynard 2006) ).
Particles were analyzed with an SEM (Scanning-Electron Microscope, FEI, XL30 FEG) and with a TEM (Philips, CM30, source LaB 6 ). Size distributions and number concentrations were derived from images using image analysis (image analysis) tools (Adobe Photoshop CS).
Polydisperse Ag Aerosols
In a first series of experiments, Ag aerosols with modes at 45 nm and 90 nm, respectively, were generated ( Figure 5a ) and sampled on carbon coated TEM grids. The size distribution of the particles was recorded online with an SMPS system (TSI 3080 Platform with 3081 differential mobility analyzer and 3025 condensation particle counter). A series of 81 TEM images were taken from the centre section of each of the grids, and a particle size distribution was derived from these images using image analysis. To derive the absolute particle number concentrations in the sampled air, the particle numbers obtained from image analysis were corrected with the modeled (size independent) deposition efficiency. In Figure 6 circles depict the Gaussian fit of the TEM image analysis results. The comparison of the size distributions determined by SMPS and TEM image analysis are in excellent agreement concerning modes as well as absolute particle numbers. For the Ag aerosol with mode at 46.1 nm (SMPS, 4.9 × 10 6 particles per cm 3 ) the TEM image analysis results in a mode at 45.2 nm (5.3 × 10 6 particles per cm 3 ) while for the Ag aerosol with mode at 89.0 nm (SMPS, 1.8 × 10 6 ppcm 3 ) the TEM image analysis results in a mode at 87.8 nm (1.9 × 10 6 ppcm 3 ). To further validate the model, two additional experiments (Ag, 45 nm) were conducted using different temperature gradients (4 × 10 5 K m −1 and 3.3 × 10 5 K m −1 ). A series of 71 SEM micrographs around a circle of approximately 1.6 mm in diameter were recorded on each of these two TEM grids. The SEM was chosen as it is equipped with a fully automated stage which allows to precisely locate the position of the micrographs on the TEM grid. The numbers of particles on the micrographs were then determined by image analysis. A lower size limit of 25 nm was chosen for the Ag-particles because smaller particles cannot be detected reliably using our analytical setup. Although the mode of the size distribution is at 45 nm a significant number of particles are smaller than 25 nm. Thus, the particle number detected by image analysis is too low. However, because all images were treated exactly the same way, it affects only the absolute number of particles, the distribution pattern remains the same. 
Monodisperse Ag Aerosols
In a second series of experiments, monodisperse Ag aerosols with sizes of 40 nm and 80 nm, respectively, were generated ( Figure 5b ) and sampled (separately) on carbon coated TEM grids. Thirty micrographs along a rim to rim transect through the center of the TEM grid of each sample were taken with an SEM. The number of deposited particles was determined using image analysis. In contrast to the experiment shown in Figure 7, determination of absolute particle numbers was possible due to the monodisperse aerosols with particle sizes larger than the previously determined threshold for SEM image analysis of 25 nm. Based on particle number concentrations measured by the CPC (TSI Model 3025), the model was used to calculate the number of particles deposited on the TEM grid. The results can then be compared directly with the results from the SEM image analysis. Figure 8 compares the calculated (grey line) with the measured (black line) particle numbers in an experiment with 80 nm Ag particles (Figure 8a ) and one with 40 nm Ag particles (Figure 8b ). The close correspondence of experimental and modeled results shows that our model can reproduce the observed deposition pattern as well as the absolute particle number concentration.
DISCUSSION AND CONCLUSIONS
The experiments reported in this article have shown that the sampling efficiency of the thermophoretic sampling device described in this study is independent of particle size between 15 nm and 300 nm, in good agreement with the theory and with the results obtained by Messerer et al. (2003) who studied the thermophoretic deposition of soot particles. Furthermore, thermophoresis is independent of particle shape and composition (in the size range given) and, thus, enables representative sampling of atmospheric ultrafine particles.
Particle deposition in the central area of the TEM grids (concentric area of approx. 1 mm in diameter) is homogeneous http://doc.rero.ch within ±10%. However, on larger scales, larger variations in particle deposition efficiency occur. This is due to the parabolic flow profile resulting in a higher particle flux in the center of the channel than near the walls (Figure 3a) , and the circular temperature field. The numerical model developed for the precipitator takes these effects into account, and is capable of calculating the particle deposition pattern on the entire area of the grids (Figure 4 ).
Using our model, quantitative particle number concentrations can be estimated from measurements made anywhere on the TEM grids, as long as the area of interest can be localized relative to the sample flow in the thermophoretic sampling device. This http://doc.rero.ch can easily be achieved by using oriented TEM grids. Calibration experiments showed that particle size distributions and particle number concentrations derived from image analysis combined with deposition coefficients extracted from our model agree very well with SMPS measurements.
This thermophoretic precipitator thus makes it possible to quantify the number concentration of particles in the size range of 15-300 nm. The tools used for the counting procedure, e.g., SEM and TEM, make it possible to analyze the morphology, crystallography, and chemical composition of each particle, e.g., it is possible, in the nanosize range, to determine variations of the latter physico-chemical parameters as a function of size. In addition, our model serves as a useful tool for calculation of the sampling time needed to get suitable TEM samples under given circumstances and, therefore, allows optimizing sampling parameters.
Although only TEM and SEM were used for the analyses in this study, the device is not limited to the use of TEM grids as substrates. While built for thin (<0.1 mm) and magnetic substrates, minor modifications to the mounting system enable the use of other materials, such as gold foil, Si wafer, mica, or Si 3 N 4 windows, for sampling. Thus, particles can also be investigated using analytical techniques such as atomic force microscopy (AFM) or scanning transmission x-ray microscopy (STXM).
